ABSTRACT: Acyclovir (ACV) has been commonly used as an antiviral for decades. Although the crystal structure of the commercial form, a 3:2 ACV/water solvate, has been known since 1980s, investigation into the structure of anhydrous ACV has been limited. Here, we report the characterization of four anhydrous forms of ACV and a new hydrate in addition to the known hydrate. Two of the anhydrous forms appear as small needles and are stable to air exposure, whereas the third form is morphologically similar but quickly absorbs water from the atmosphere and converts back to the commercial form. The high-temperature modification is achieved by heating anhydrous form I above 180
INTRODUCTION
Solid form diversity in organic compounds is a widespread phenomenon that encompasses crystal polymorphism, solvates, and cocrystals; in the case of active pharmaceutical ingredients, the different physical properties that forms display can influence properties including bioavailability and morphology, among others. 1 Conformational flexibility and hydrogen bonding are considered factors that influence the ability of a molecule to form polymorphs, 2 but these are not the only contributing factors and, in some cases, are completely absent. Polymorphism is traditionally investigated through the use of different solvents and temperatures of crystallization, whereas newer methods for the discovery and control of solid forms include polymer-induced heteronucleation (PIHn). 3, 4 Here, the crystallization of acyclovir (ACV, Fig. 1 ) is reported using PIHn and traditional solid form discovery techniques. The ability of ACV to exist in multiple hydrogen bonding networks and its flexible side chain are important factors to be considered when investigating the existence of and characterizing the multiple solid forms of this drug. Crystal forms were characterized by Raman spectroscopy, powder X-ray diffraction (PXRD), single crystal X-ray diffraction, differential scanning calorimetry (DSC), Fourier transform infrared (FTIR) spectroscopy, solidstate nuclear magnetic resonance (SS-NMR) spectroscopy, and thermogravimetric analysis (TGA).
Acyclovir is a guanine derivative possessing antiviral activity and commonly used in the treatment of herpes. Previous studies have yielded the crystal structure of the commercial form, a 3:2 ACV/water hydrate. 5, 6 This hydrate crystallizes in the monoclinic space group P2 1 /n with cell parameters of a = 25.459(1) Å, b = 11.282(1) Å, c = 10.768(1) Å, and β = 95.16 (1) • (Fig. 2) . 6 A previous study by Kristl et al. 7 proposed the existence of two stable anhydrous forms and an unstable form but provided characterization limited to thermal analysis and dissolution rates of the forms. Recently, Sohn and Kim 8 showed the existence of two anhydrous polymorphs in addition to the known hydrate and an acetic acid solvate through PXRD, thermal analysis, and dissolution rates. The packing arrangement of the anhydrous form versus that of the commercial hydrate remains unknown and is of particular interest due to previous findings that the hydrate has a faster dissolution rate than the anhydrous form 7 ; this observation contrasts with the trend typically observed in the literature where anhydrous forms dissolve more quickly than the hydrate. 7, 9 Here, we demonstrate that ACV displays, at minimum, two anhydrous forms stable under ambient conditions, two forms that do not exist under ambient conditions, and two hydrates. In addition, structure determination by single crystal X-ray diffraction was carried out to better understand the molecular packing arrangements and properties of each form of ACV.
Experimental Materials
Commercial ACV (Spectrum, Gardena, California) was used as supplied. Solvents, purchased from Fisher Scientific (Fairlawn, New Jersey), were used directly.
Preparation of Polymorphs and Hydrates
Form I of ACV was obtained by heating a sample of commercial ACV at a rate of 5
• C/min to 180
• C on a hotstage and then allowing the sample to cool. Single crystals of form I were obtained during polymorph screening using polymeric heteronuclei by crystallizing from a methanol solution in the presence of Nylon 6. Form II was obtained by heating 20.0 mg of commercial ACV in 20 mL of methanol to 68
• C in a closed vessel until complete dissolution was achieved and then allowing the solution to evaporate quickly while heat was still being applied. Single crystals of form II were obtained from evaporating a methanol solution of ACV in the presence of Nylon 6/12. Form III is a metastable form that is obtained by heating commercial ACV (denoted here as form V) on a hotstage to a temperature between 130
• C and 150
• C. Form IV is a high-temperature modified form that is formed by heating form I above 180
• C. Form VI, a 1:2 ACV/ H 2 O hydrate, was found during a polymorph screening using polymeric heteronuclei and was found to crystallize in the presence of poly(ethylene terephthalate), poly(vinyl chloride), poly(vinyl stearate), and polypropylene. Nylon 6/12 yielded a mixture of forms II and VI. Single crystals of appropriate size and quality of form VI were obtained on a terpolymer derived from 29% (ethoxyethyl)methacrylate, 38% methylmethacrylate, and 33% divinyl benzene. Form V, the commercial 3:2 ACV/H 2 O hydrate, was used as supplied.
Raman Spectroscopy
Raman spectra were recorded on a Renishaw inVia Raman microscope equipped with a 20× objective and utilizing a 633-nm laser. The scan range was 100 to 3600 cm −1 , using three scans of 30-s length each per spectrum. Samples were analyzed on an aluminum foil holder and a silicon standard was used to calibrate the instrument. Variable temperature Raman spectroscopy was performed using a Linkam LTS 350 hotstage equipped with a TMS 94 controller. Samples were analyzed using a 647-nm laser over a scan range of 100 to 3600 cm −1 . The heating rate was controlled using Renishaw Wire 2.0 software.
Infrared Spectroscopy
Fourier transform infrared spectroscopy analyses were performed on forms I, II, and V using an attenuated total reflectance accessory (ATR; ThermoNicolet Avatar model 360-FTIR). The scan range was 700 to 3800 cm −1 , employing 1024 scans with a resolution of 1 cm −1 . Samples were analyzed on the ATR stage and the empty stage was used as the background.
X-ray Diffraction
Powder X-ray diffraction patterns were obtained on a Rigaku R-Axis Spider diffractometer at 50 kV and 40 mA, using monochromated Cu K" radiation (1.5406 Å). Samples were packed in a glass capillary and run at room temperature. Images were integrated from 2.5
• to 50
• 2θ using the AreaMax 2 software package and the resulting pattern was analyzed using MDI Jade 8. Variable temperature PXRD was performed by heating the sample in a glass capillary at 1
• C/min, using an Oxford Cryostream Plus instrument. The unit cell constants of form II were determined on this instrument at 90 K by indexing several crystals in single crystal mode; however, none of these were judged suitable for structure determination.
Crystal structures were obtained on a Bruker SMART CCD-based X-ray diffractometer equipped with an LT-2 low-temperature device and normal focus Mo-target X-ray tube (8 = 0.71073) operated at 2000-W power (50 kV, 40 mA). The X-ray intensities were measured at 85 (2) K; the detector was placed at a distance 4.980 cm from the crystal. Analysis of the data showed negligible decay during the data collection; the data were processed with SADABS and corrected for absorption. Structures were solved and refined with the Bruker SHELXTL (version 6.12) software package. All nonhydrogen atoms were refined anisotropically, with the hydrogen atoms placed in idealized positions.
Thermomicroscopy
A Mettler Toledo FP82HT hotstage with a FP 90 control processor was used for thermomicroscopy. The sample was observed under polarized light with a Leica DMLP microscope. Initially, samples were heated from 30
• C to 250
• C at a rate of 5
• C/min. The transformation product was then identified using Raman spectroscopy and/or PXRD. The hotstage was calibrated using a caffeine standard.
Differential Scanning Calorimetry
Differential scanning calorimetry was performed on a TA Instruments DSC Q10 calorimeter. Samples were placed in hermetic aluminum pans and sealed using a TA crimper. The temperature range was 25
• C to 300
• C, with a heating rate of 10 • C/min. The calorimeter was calibrated using an indium standard.
Thermogravimetric Analysis
Thermogravimetric analysis was performed on a TA Instruments Q50 TGA thermogravimetric analyzer. Samples were heated at a rate of 20
• C/min from room temperature to 600
• C. Calibration of the instrument was performed using nickel and alumel standards.
Solid-State 13 C Nuclear Magnetic Resonance
13 C solid-state NMR spectra of forms I and II were obtained on a Varian VNMR J 600 MHz NMR system equipped with a 4-mm double-resonance magic angle spinning (MAS) probe using a Ramp-CP crosspolarization technique. 10 Other experimental parameters include contact time of 2-ms CP time, recycle delay of 3 s, spinning speed of 18 kHz, and 80-kHz TPPM (two-phase pulse modulation) proton-decoupling during acquisition.
11
Calculations of 13 C chemical shifts were carried out using the gauge-including atomic orbitals (GIAO) method in the Gaussian03 program and the B3LYP hybrid functional. 12 Several basis sets ranging from 6-31G to 6-311++G (2d,p) were used to determine the effect of the basis set size on predicted chemical shift. Geometries for calculations were obtained by optimizing hydrogen atoms positions determined by crystallography (B3LYP /6-31G * ) while freezing the heavy atom positions.
13

RESULTS AND DISCUSSION
The relationships among the forms of ACV are discussed in the following text in the context of each of the analytical method employed. Figure 2 summarizes the conditions under which transformations occur between forms.
Raman Spectroscopy
Raman spectroscopy is a reliable way to differentiate among ACV forms. The most distinctive region is between 600 and 700 cm −1 . In this region, form I has two peaks at 641.5 and 670.4 cm −1 with a small peak at 688.5 cm −1 , whereas form II has four peaks in the region at 632.5, 638.2, 666.2, and 686.8 cm
with a small peak at 700.8 cm −1 . Form III has three peaks at 639.3, 658.9, and 672.8 cm −1 . The new hydrate, form VI, has three peaks at 640.1, 659.7, and 685.1 cm −1 , whereas form V, the commercially available hydrate, has five peaks at 634.1, 644.0, 658.0, 681.9, and 698.4 cm −1 . In the carbonyl and C N region, the forms also differ, probably due in part to differences in the hydrogen bonding motifs. Form I has peaks at 1606.3, 1628.5, and 1675.5 cm −1 , whereas form II has peaks at 1645.8 and 1702.7 cm −1 . Form III has peaks at 1614.2, 1630.6, 1672.3, and 1692.0 cm −1 . The hydrates also differ in this region with form VI having peaks at 1625.7, 1631.4, and 1701.8 cm −1 and form V also having three peaks at 1614.5, 1631.8, and 1695.3 cm −1 . Other distinctive regions in the spectra are between 100-200 and 1500-1600 cm −1 . The Raman spectrum of the high-temperature modification, form IV, was found to be very similar to that of form I with the exception of the peak at 1482 cm −1 , which is shifted discontinuously at the phase transition temperature to 1480 cm −1 . The Raman spectra are shown in Figure 3 . (Table 1 contains a listing of peaks.)
Variable temperature Raman spectroscopy shows the progression of transformations occurring during the heating of the hydrate form V (Fig. 4) . The plot shows a transition from form V to form III, to form I, and then to form IV. Dehydration is observed around 90
• C as the peak at 672 cm −1 appears and other peaks Raman spectra of the five forms of acyclovir (all spectra were taken at room temperature except form III, which was taken at 90
in the spectrum begin to shift. Form III is observed briefly before the transformation to form I. At approximately 180
• C, there is another shift observed at 1480 cm −1 that is associated with the transition to the high-temperature modification (form IV). Upon cooling to room temperature, form I is observed once again. Figure 5 shows the same transition to the hightemperature modification occurring during the heating of anhydrous form I.
Infrared Spectroscopy
Infrared spectroscopy probes differences in the influence of solid-state form on the molecular level arising from changes in intramolecular and intermolecular interactions.
14,15 Form I, II, and V were sufficiently stable and available in sufficient quantity to allow study by FTIR spectroscopy ( Table 2 ). The main region of difference among the forms is from 1600 to 1200 cm −1 (Fig. 6 ). Forms I and II have very similar FTIR spectra, although the spectra differ mainly in the region around 1700 to 1450 cm −1 in which some of the common peaks are shifted to higher or lower wavenumber. These changes can likely be ascribed to alterations of C C, carbonyl, and C N stretching frequencies. Another region in which forms I and II have spectral differences is 1300 to 1000 cm −1 . In this region, C−O vibrations are often located. These same changes were observed in Raman spectroscopy. Other peaks were shifted in the fingerprint (1000-600 cm −1 ) region, which can be difficult to assign to specific vibrations by FTIR; nevertheless, Raman spectroscopy is a better technique to analyze differences in this region. Taken together, these data suggest that forms I and II have some changes in the conformation in the ethoxy chain and the carbonyl region.
From 3600 to 3200 cm −1 , the N−H vibration region, forms I and II have very similar spectra (Fig. 6) . However, form V has a peak at 3470 cm −1 that is not observed in forms I and II. In form V, the carbonyl peak (1750-1640 cm −1 ) is not well observed compared with forms I and II. The hydrate form V displays some peak shifting in the N−H and C O regions of the spectra. Because form V is a hydrate, the water molecules in the structure can form more and stronger hydrogen bonds, which lead to shifts of the carbonyl peak to lower wavenumber than in forms I and II. The same pattern was observed by Raman spectroscopy, with some peaks shifted to around 1690 cm −1 .
X-ray Diffraction
Powder X-ray diffraction allows reliable differentiation among all ACV forms. Forms I, II, V, and VI were analyzed using PXRD at room temperature, whereas powder patterns of forms III and IV were obtained at high temperature because of the instability of the materials. Distinctive reflections in the powder patterns of the forms include reflections between 2 • and 10
• 2θ among others. Table 3 lists the reflections observed for all the forms of ACV and Figure 7 shows the powder patterns.
Variable temperature PXRD was also performed on forms I and V. The VT-PXRD of form I (Fig. 8) shows that a high temperature modification appears between 167
• C and 170
• C. This change corresponds to an endothermic transition observed in DSC (vide infra) and can be associated with a solid-solid transition. VT-PXRD of form V (Fig. 9) shows a total of two • C and 180
• C. This transition directly correlates to the endotherms observed in the DSC of form V (vide infra). Once the sample was cooled, it had transformed back to form I.
Thermomicroscopy, DSC, and TGA
Thermal studies were performed on ACV using DSC, TGA, and thermomicroscopy. Thermomicroscopy was also combined with Raman spectroscopy to provide additional information about the changes occurring as a function of temperature. TGA showed that forms I and II were anhydrous. Form VI showed a weight loss of 2.9%, whereas form V, the commercial hydrate, showed a weight loss of 5.0%, which is expected of the 3:2 hydrate.
Differential scanning calorimetry was performed on forms I, II, V, and VI (Fig. 10) . Form I showed an endothermic transition between 167
• C and 176
• C and a melt/decomposition centered at 248.8
• C with an onset of 245
• C. Form II exhibited no transitions prior to a melt/decomposition event centered at 260.1
• C (onset of 257.6
• C). Form V showed two overlapping transitions between 148
• C and 179 • C. Form VI exhibited a loss of water between 50
• C and 90
• C, a transition at 170
• C, followed by the melt/decomposition at 252.9
• C (onset of 250.0 • C). Form V showed two overlapping transitions between 148
• C and 179
• C and a melt/decomposition of 247.4 (onset of 240.0). When a sample of form I was cycled between 40
• C and 190
• C repetitively, the same transition was observed during each heating cycle, showing that the transformation is reversible. The DSC thermograms are shown in Figure 10 and the associated data are in Table 4 .
Single Crystal X-ray Diffraction
The previously unknown structure of form I was solved from a single crystal grown from a methanol solution in the presence of Nylon 6. In form I, as in all forms of ACV, the guanine ring is planar (Fig. 11 ) Table 5 . The chain extends above the plane of the guanine ring such that it is in the gauche conformation. The glycosidic torsion angle is 74.3
• . Because of the quantity of hydrogen bond donors and acceptors present in ACV, the hydrogen bonding scheme is extensive (Fig. 12) . The amine of the guanine is hydrogen bonded to the hydroxyl of one molecule at a distance (N···O) of 3.05 Å and the carbonyl of another molecule at a distance (N···O) of 2.92 Å. The hydrogen of the hydroxyl functionality also donates to the carbonyl. The remaining hydrogen bond is between the secondary nitrogen of the five-membered ring and the N−H of the six-membered ring at a distance (N···N) of 2.82 Å. In total, each ACV molecule participates in Figure 7 . Powder X-ray diffraction patterns of all the forms of acyclovir. eight hydrogen bonds. The ether and aryl nitrogen do not participate in the hydrogen bonding network. The molecules pack in sheets along the b-axis. Along the c-axis, the molecules pack in columns such that they alternate the orientation of the guanine ring.
Although a crystal of form II that was of suitable size and quality for single crystal X-ray diffraction was not obtained, a unit cell was determined for a dozen small crystals. The unit cell dimensions are as follows: a = 4.75 Å, b = 15.12 Å, c = 28.68 Å, and β = 91.16
• . Further experimental or theoretical studies will be needed to elucidate the molecular packing pattern and its relation to the other structurally characterized polymorph of ACV.
Acyclovir form VI is a 1:2 ACV/H 2 O hydrate with a triclinic unit cell of a = 6.8004(5) Å, b = 11.3317(9) Å, c = 14.9368(12) Å, α = 82.722 (1) • , β = 82.502(1)
• , and γ = 89.323(1)
• . The side chain of both ACV molecules in the unit cell is in the gauche conformation, whereas the guanine rings are approximately planar. The glycosidic torsion angles are 92.7
• and 89.7
• . Water molecules are in two channels that run parallel to the a-axis. The hydrogen bonding network, such as that of form I, is extensive. In addition to hydrogen bonding between ACV molecules, the water molecules are bound not only to each other but also to the ACV molecules surrounding them. The ACV molecules stack such that the chains are orientated toward the water channels and the guanine rings alternate their orientation (Fig. 13) .
Form V has two water molecules for every three ACV molecules in the asymmetric unit. The asymmetric unit contains three different ACV molecules. In each molecule, the guanine ring is planar whereas the conformation of the chain varies. In the first residue, the chain is extended almost perpendicular to the plane of the guanine. Its glycosidic torsion angle is 97.2
• . Like form I, the chain is in a gauche conformation. The second residue is much like the first, with a glycosidic torsion angle of 104.3
• . In the third residue, the chain is fully extended and in the trans conformation. Its glycosidic torsion angle is 91.4
• . 6 One water molecule hydrogen bonds to two different molecules of residue 3, one through the carbonyl functionality and the other through the hydroxyl group, in addition to bonding to the hydroxyl group of residue 1. The other water molecule is hydrogen bonded to one molecule of each of the residues; residue 1 hydrogen bonds through the carbonyl, whereas residue 2 hydrogen bonds through a hydroxyl group and residue 3 hydrogen bonds through the amine. The residues themselves form dimers, with residue 1 forming a homodimer and residue 2 dimerizing with residue 3, creating infinite sheets within the crystal structure (Fig. 14) . 
Solid-State Nuclear Magnetic Resonance
Generally, the most definitive analytical data for polymorph identification is single crystal X-ray diffraction, although for many samples such data are not available. In such cases, solid-state NMR spectroscopy (SS-NMR) can be used to identify the existence of polymorphs and provides detailed information concerning hydrogen bonding interactions. 16, 17 Here, SS-NMR was used to further analyze form II because there was no crystallographic information for this form. SS-NMR is sensitive to conformational changes and alterations in intermolecular interactions as evidenced by the chemical shifts of the atoms directly involved in the interactions. SS-NMR data were collected at room temperature for forms I, II, and V, revealing significant differences among the forms (Fig. 15) . The preliminary assignment of isotropic chemical shifts for ACV forms I and V was made by comparison to computed values ( Fig. 1 and Table 6 ). 12, 13 In the low-frequency region, form I has a singlet at 56 ppm whereas form V appears at 61 ppm. Moreover, form II has two peaks detected at 59 and 62 ppm. This low-frequency region is assigned to the ethoxy chain of ACV molecule. There is a 5 ppm upfield shift of C8 resonance from form V compared with form I and 3 ppm compared with form II. This chemical shift difference may be attributed to gauche versus trans conformations. In the crystal structure of form I, the chain has adopted a gauche conformation. For form V, two of three different ACV molecules have gauche conformation.
In the high-frequency region, a signal at 166 ppm is observed for forms I and II corresponding to the carbonyl carbon (C2). An upfield shift of this peak (to 159 ppm) is observed for form V. This 7-ppm shift can be attributed to the formation of a hydrogen bond to the carbonyl group. 18 Moreover, because form V is a hydrate and forms I and II are not hydrates, this is consistent with expectations from the crystal structure of form V, which has extensive hydrogen bonding compared with form I. The same hydrogen bonding observations and shifts were found from Raman and infrared spectroscopy analyses performed on these forms.
Theoretical NMR calculations of 13 C isotropic chemical shifts ( Fig. 1 and Table 6 ) and computed spectra (not shown) reveal very similar shifts compared with the experimental data. However, C8, the carbon at the terminal of the ethoxy chain, in form V shifts upfield in the experimental data compared with calculations.
Variable Temperature
Further analyses were performed on form V to confirm the existence and the distinctive conversion to form IV at 180
• C by variable temperature 13 C SS-NMR experiments (Fig. 16) . Form V was heated from 30
• C to 150
• C during MAS inside the probe and no changes were observed in the spectra. However, some differences in the spectra were observed when the temperature of the sample was increased to 180
• C consistent with a phase transition to form IV. Peaks observed at 74 and 71 ppm at a low temperature (30
• C) were observed as a single peak at 74 ppm when the temperature was increased to 180
• C. This can be attributed to rotational/inversion processes that contribute to the site-exchange effect forming a single peak at 180
• C. 16, 19, 20 This process would require the breaking and formation of hydrogen bonds due to the dehydration process. Furthermore, peaks observed at • C to 180
• C. 62 and 139 ppm at a low temperature were observed as two peaks at 63 and 60 ppm and 141 and 137 ppm, respectively, at 180 • C. From the observed chemical shifts and intensities of the peaks, it can be concluded that form V undergoes a phase transition at 180
• C to form IV. 13 C chemical shifts are strongly influenced by torsion angles of molecules and at high temperatures the molecules have more mobility than at low temperature. This observation is consistent with the variable temperature Raman data (Fig. 4) , in which a change in 1480 cm −1 can be correlated to -CH 2 bending located in the ethoxy chain of ACV. Moreover, at this temperature, the form V is dehydrated apparently to a phase with more motion. When the sample is cooled from 180
• C to 30 • C, no major changes were observed in the SS-NMR spectra consistent with the inability of the material to rehydrate or further transform under these conditions (Fig. 17) .
CONCLUSION
Using a range of techniques, we have conclusively shown that ACV has several forms ranging from hydrates to anhydrates. Raman spectra and PXRD patterns are reported for all six forms. The crystal structures of the anhydrous form I and both hydrate forms (form V and form VI) have been determined. Although the unit cell of the anhydrous form II was determined, the crystal structure remains elusive. The existence under nonambient conditions of forms III and IV was also shown through PXRD. The anhydrate form IV was found using variable temperature analysis as a transformation from commercial hydrate form V for the first time. Solid-state NMR provided direct chemical information on the forms and allowed following the phase transformation in situ. However, the precise mechanism of the phase transformation in terms of the dehydration process has not yet been elucidated. Significant differences in intermolecular hydrogen bonding networks were observed among the ACV forms and are consistent with the solid-state NMR and vibrational spectroscopy analysis exhibiting distinct chemical shifts and vibrational frequencies. 
